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Abstract: The electron beam welding process is widely used in the connection among titanium
alloy material parts of aero-engines. Its mechanical properties need to meet the requirements of
long life and high reliability. In this paper, the static strength and the fatigue failure behavior of
the electron beam weldments of TC17 titanium alloy were investigated experimentally under low
amplitude high frequency (20 kHz), and the mechanical response and failure mechanism under
different external loading conditions were analyzed. In summary, the samples were found to have
anisotropic microstructure. The tensile strength of the PWHT of TC17 EBW joint was ~4.5% lower
than that of the base metal. Meanwhile, compared with the base metal, the fatigue strength was
reduced by 45.5% at 109 cycles of fatigue life. The fracture analysis showed that the fatigue failure of
the welded joint of TC17 alloy was caused by the welded pores and the fatigue cracks initiated from
the welded pores. A fine granular area (FGA) was observed around the crack initiation region. The
existence of pores caused the stress intensity factor of the fine granular area (KFGA) to be inversely
proportional to the fatigue life. The KFGA calculation formula was modified and the fatigue crack
propagation threshold of the welded joint of TC17 alloy was calculated (3.62 MPa·m1/2). Moreover,
the influences of the effective size and the relative depth of the pores on the very long fatigue life of
the electron beam welded joint of TC17 titanium alloy were discussed.
Keywords: titanium alloy TC17; electron beam welded joint; welded pores; very high cycle fatigue
regime; fine granular area (FGA); stress intensity factor
1. Introduction
Titanium alloys are widely used in engineering application where high strength, good fracture
toughness, and resistance against fatigue fracture at ambient and elevated temperature are required
to meet the safe life and damage tolerance design requirements for high-reliability conditions [1,2].
The α-β phase titanium alloy TC17 (Ti-5Al-2Sn-2Zr-4Mo-4Cr) with the β-phase stable element is mainly
used in the aero-engine, compressor blade discs, and large-section forgings to save the weight and
increase thrust-to-weight ratio [3–5].
The aerospace components are required to join frequently to meet the aerodynamic
requirements. The welding is the most common joining method for metal structures to replace
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the mechanical fasteners, large forgings, casting equipment, and the complexity of machining
processes. The welding process realizes the requirements for integration and weight reduction
of metal components. The use of laser beam, linear friction, friction stir, and electron beam welding
is continuously increasing in the aerospace components [6–11]. On the one hand, the electron beam
welding (EBW) is used for welding of thick titanium plates due to its high precision, high welding
speed, narrow heat-affected zone, and small deformation in welded parts [12,13]. On the other hand,
the electron beam welding is carried out in a vacuum, which completely avoids the oxidation problem
of titanium alloy in the atmosphere and ensures the purity of the welding seam. In conclusion, the
EBW offers accurate control of process parameters which ensure the welding stability and the high
welding quality thus preferred in aerospace components.
The microstructure of the electron beam welded joints differs in the heat-affected zone and
the weld bead, which are observed in titanium alloys, aluminum alloys, and nickel-based alloys of
welded joints [11,14–16]. Interestingly, despite the vacuum condition used in the welding process, the
welding defects in the form of the welded pores and inclusions are still observed in the welded joints.
The hydrogen content in titanium alloys aids the welded pores formation in the EBW joints [17,18].
These welded defects reduce the tensile and fatigue strength of the welded joints significantly [15,19].
The stress concentration around the welded defects promotes premature fracture of the welded joints
at strength much lower than the base metal. The static and cyclic loading behavior of the welded
joints varies with the size and density of the welded defects [16,20]. The mechanical behavior of
the welded joints with one set of process parameters differs significantly with those welded with
other parameters [18,21]. The variations in static and cyclic properties of the welded joints make their
life prediction extremely challenging. The aerospace components are designed for high safety and
durability. The variations in properties of the welded joints with small scale pores turn out to be the
main obstacle in the qualification and certification of the EBW process in manufacturing supply chain.
The aerospace components in the life cycle encounter high and low-stress amplitude fatigue cycles
well beyond 107 cycles. The current state of the art of the EBW joints for metallic materials is the design
life using the fatigue limit up to 107 cycles. However, it is now well understood that metallic materials
experience fatigue fracture up to 1010 cycles and assuming infinite fatigue life below fatigue limit is a
conservative concept [22,23]. Hence, it is now extremely important to understand the fatigue behavior
of EBW joints for design life up to 109 cycles. The welded pores prone characteristics of the EBW joints
demand thorough investigations of the fatigue behavior.
The aero-engine components experience low cycle fatigue regime in the startup and shutdown
process and very high cycle fatigue regime in the operation. The fatigue characteristics of welded joints
of titanium alloy have been studied in the past, mainly focusing on the welding process and the fatigue
properties in low and high cycle fatigue regime. For instance, Balasubramanian at al. [21] aimed to
evaluate fatigue crack growth parameters of gas tungsten arc, electron beam and laser beam welded
TC4 titanium alloy. They found that not only the threshold stress intensity factor of TC4 alloy was
not influenced significantly by the welding processes but also the joint fabricated by LBW process
exhibited higher fatigue crack growth resistance than EBW and GTAW joints. Jinkeun [18] compared
the high cycle fatigue properties of EBW and TIG welded joints of TC4 titanium alloy and found
larger defects and lower fatigue strength in EBW joints than that TIG joints. Fomin [20] focused on
the effect of inherent welding-induced defects on the high-cycle fatigue behavior of laser-welded
TC4 butt joints. The mechanism of FGA formation was studied and linked to the plastic zone size
at the crack tip. In addition, the distribution of the pore size and position were measured and the
fracture-mechanics-based framework was applied for the development of the fatigue-life estimation
model. Han et al. [24] conducted that the cracks initiate from the surface of EBW joints of TC18
titanium alloy. It was found that the grain size of the welded joints decreases with an increase in the
welding speed which helps in increasing the fatigue strength of the welded joints in low cycle fatigue
regime. Cheng et al. [13] studied the fatigue properties of TC17/Ti60 dissimilar electron-beam-welded
joints and found fatigue crack initiation from the micropores in high cycle fatigue regime. Some
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studies investigated the fatigue behavior of the welded joints beyond 107 cycles and found a different
crack initiation mechanism. Melvin [25] investigated the very long life fatigue behavior of Ti-6Al-4V
welded joints. They observed the fatigue failure in the welded joints even beyond 107 cycles and found
a linearly decreasing S-N curve without traditional fatigue limit. Zhao et al. [16] identified that the
fatigue strength of the welded joints of TC21 alloy depends on the crack initiation site. They concluded
that cracks initiate from the voids and dislocation in the welded joints and the different mechanism
of crack initiation from these sites produces different fatigue strength. The empirical understanding
of the fatigue behavior developed from previous studies is not useful in the very high cycle fatigue
regime of the welded joints. The analysis of fatigue strength variation with crack initiation sites is
not sufficient for using the EBW joints in aerospace applications with very high safety and durability
regulations. There is no systematic and in-depth study on the crack initiation, propagation, and failure
mechanism of titanium alloy EBW joints up to very high cycle fatigue.
This study investigated the mechanical properties of TC17 EBW joints in quasi-static and cyclic
loading. The fatigue life of the welded joints was investigated up to very high cycles regime by
ultrasonic accelerated vibration test (20 kHz) with stress ratio R = −1. Moreover, after fatigue testing,
the scanning electron microscope (SEM) was used to observe and microscopically analyze the fracture
of the welded joint of TC17 alloy of fatigue specimen. In the end, the fatigue failure mechanism
was investigated.
2. Materials and Methods
In the present study, the experiment material is TC17 which is α-β phase titanium alloy.
The chemical composition of the TC17 titanium alloy is shown in Table 1. The elastic modulus
is 116 GPa and the density is 4.68 g/cm3 at room temperature.
Table 1. TC17 (Ti-5Al-2Sn-2Zr-4Mo-4Cr ) titanium alloy chemical composition (wt %).
Al Sn Zr Mo Cr Ti
4.5–5.5 1.6–2.4 1.6–2.4 3.5–4.5 3.5–4.5 80.7–85.3
The material was processed into test plates with a size of 200 mm × 40 mm × 14 mm by means of
machining, and the welding process was performed by vacuum electron beam welding. The dimensions
of the test plates are shown in Figure 1. The plate segments were carefully mechanically polished
and chemically cleaned to remove oxides, oil, and moisture from the surface of the plates before
welding. Electron beam welding was performed with a ZD150-C high-pressure vacuum machine
(SST, Werne, Germany) with the welding direction parallel to the length of the test plates for welding.
The parameters of the electron beam welding process include 150 kV accelerating voltage, 2016 mA
focusing current, 10 mm/min welding speed, and 43 mA welding current. Due to the electron beam
oscillation during the welding process, fish scales were formed on the surface of the welded plates.
Furthermore, the electron beam welded joints of TC17 alloy were divided into a fusion zone (FZ), a heat
affected zone (HAZ) and a base material zone (BM) in Figure 2. The welded joint of TC17 titanium alloy
was found to have an upper and lower width of ~3 and ~1 mm, respectively. Meanwhile, the weld
underfill and the weld reinforcement produced by rapid cooling can be observed in the fusion zone, as
shown in Figure 2.
Firstly, the round bar-shaped samples were extracted from the middle of the welded plates and
perpendicular to the weld direction in Figure 1. Milling of the surfaces of the samples was conducted to
get rid of geometrical defects after electron beam welding, such as the welded reinforcement and welded
underfill which play a role of stress concentrators and have a strong weakening effect on the fatigue
life. Secondly, the samples were post-weld heat treated (PWHT) of 630 ◦C for 2 h in air cooling [15] to
remove the welded residual stresses. Lastly, the round bar-shaped samples were processed into very
high cycle fatigue specimens after heat treatment. The specimen geometry was designed to a smooth
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cylindrical (dog-bone) shaped fatigue specimen, ensuring that the fusion zone, the heat-affected zone,
and the base metal with the same external loading and meeting the resonance requirement of 20 kHz.
The calculated dimensions of the specimen are shown in Figure 3. Before the experiment, the middle
parallel section, and the arc over the section of the fatigue specimen were polished to the mirror state
and corroded with Keller’s reagent (10 mL HF+ 15 mL HNO3 + 75 mL H2O).
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Figure 4a shows the micrograph of as‐welded TC17 EBW joint. The coarse columnar grains in 
the fusion zone can be clearly observed from the figure. There are obvious fusion lines between the 
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The tensile tests of C17 EBW joints were perf rm d with a vertical electronic niversal testing
machine (SHIMADZU AGS-X, Kyoto, Japan). The fatigue tests were carri d out on USF-2000 v ry
high cycle fatigue testing machine (SHIMADZU, Kyoto, Japan) at an ultrasonic frequency of 20 kHz.
The stress ratio R = −1 was used in testing and the surface of the specimen was cooled using cooling air.
Additionally, the microstructure of the welded joints was observed by JSM-6510LV scanning electron
icroscope (SEM, JEOL, Tokyo, Japan). The morpholo y of the fatigue fractures after the very high
cycle fatigue test was observed and analyzed.
3. Results
3.1. Micrograph of Welded Joint of TC17 Titanium Alloy
Figure 4a shows the micrograph of as-welded TC17 EBW joint. The coarse columnar grains in
the fusion zone can be clearly observed from the figure. There are obvious fusion lines between the
fusion zone and the heat affected zone. The columnar crystal growth was observed perpendicular to
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the centerline of the fusion zone. Figure 4b shows the fusion zone and the heat-affected zone of the
TC17 EBW joint. The coarse columnar crystals and grain boundaries of the fusion zone can be clearly
observed. Moreover, the average grain sizes were from 200 to 500 µm. A large amount of α-phase
is distributed in the heat-affected zone, meanwhile, the grain size of the heat affected zone is much
smaller than the size of the fusion size of the TC17 EBW joint.
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Figure 4. Micrograph of the as-welded TC17 EBW joint, (a) the welded zone, (b) the fusion zone and
the heat affected zone.
3.2. Tensile Properties and Fracture of TC17 Alloy EBW Joints
The stress-strain curves of the base metal, as-welded (AW), and PWHT of TC17 welded joints are
shown in Figure 5. The room temperature tensile test data of TC17 EBW joints is shown in Table 2.
The strength of the base metal is higher than those of as-welded joints and PWHT joints (Table 2).
The tensile strength of the as-welded TC17 EBW joints is about 948 MPa under nominal stress that is
almost 86% of the tensile strength of the base metal (1103 MPa). The as-welded joints show almost no
ductility and fail just beyond the yield strength. However, the as-welded joints restored the strength
and ductility of the joints by PWHT. The tensile strength of the welded joint of TC17 titanium alloy by
post-weld heat treatment is about 1053 MPa, which means nearly about 95.5% of the strength of the
base metal, and the elongation of fracture is about 17%. Compared with the as-welded TC17 EBW
joint, the tensile strength is increased by about 10% of TC17 EBW joint by PWHT. The as-welded joints
fractured from the fusion zone. Nevertheless, the PWHT welded joints fractured from base metal.
This showed that PWHT was effective in increasing the strength of the fusion zone. Since the heat
treatment released the internal stress generated by the welding and caused a transition between α
phases and β phases in the FZ and the HAZ. During the heat treatment process, supersaturated solid
solution β phases with martensitic α’ phases were transformed into secondary α lamella embedded
in the β matrix, which could enhance the mechanical behavior of TC17 EBW joint [15]. Fracture
observation showed that the PWHT of TC17 alloy EBW joint undergone ductile fracture under tensile
action, which has an obvious shear lip in Figure 6a. In addition, a large number of dimples are
distributed on the final failure fracture in Figure 6b. Nevertheless, the as-welded TC17 EBW joint
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undergone brittle fracture under tensile action. Figure 6c,d showed the fracture surface of as-welded
specimens is brittle fracture with cleavage planes. Besides, the welded pores on the surface fracture
can be observed.
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the S‐N curves of the welded joints are linearly decreasing with an increase in the number of cycles. 
The fatigue failure is observed even beyond 107 cycles which shows that the traditional fatigue limit 
is not there. As the fatigue life of welded joints ranges from 1.88 × 105 to 1.00 × 109 cycles, the stress 
Figure 5. Stress-strain curves of the base metal, as-welded TC17 EBW joint, and PWHT of TC17
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Table 2. Tensile test data of TC17 EBW joints at room temperature.
Materials Ultimate Tensile Strength, MPa; (S) Yield Strength, MPa; (S) Elongation, %; (S)
TC17 BM 1103 (20.0) 996 (12.8) 18 (0.45)
TC17 EBW-AW 948 (11.6) 869 (13.5) 5 (0.76)
TC17 EBW-PWHT 1053 (32.7) 980 (11.5) 17 (0.36)
S represents the standard deviation.
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3.3. S- Curve of Electron Bea elded Joints of TC17 Titanium Alloy by PWHT
Figure 7 sho s the S- curves of the elded joints ith P T and B of T 17 titaniu alloy.
The data fo runout peci ens at 109 cycl s is marked with an arrow (Figure 7). The results show
that the S-N curves of the w lded joints are line ly ecreasi g with an increase in the number of
cycl s. The fatigue ailure is observed ev n b yond 107 cycles hich shows that the traditional fatigue
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limit is not there. As the fatigue life of welded joints ranges from 1.88 × 105 to 1.00 × 109 cycles,
the stress level ranges from 400 MPa to 300 MPa. The S-N curves of the specimens show large scatter
as compared to the base metal S-N curves. For fatigue strength design, P-S-N curves obtained for
materials with different failure probabilities are more applicable. P-S-N curves effectively solve the
uncertainty introduced by the dispersion of fatigue life of materials and can be used as a more intuitive
basis for fatigue strength design. Moreover, the Basquin stress-fatigue relationship was used for the
fatigue life prediction of welded joints. The relationship ∆σ = 511.72(2Nf)−0.022 was obtained from the
fitting of S-N curves, where ∆σ is the stress amplitude of test loading, and Nf is the fatigue life of TC17
EBW joints.
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Figure 7. S-N curves of the welded joints of TC17 alloy in very high cycle fatigue regime.
For comparison, the fatigue results of the base metal are presented in Figure 7. The difference in
the fatigue strength of the base metal and the welded joints at 109 cycles is ~250 MPa. It can be seen that
the fatigue st ngth of the welded joints is significantly low r than th same for the base metal. In other
w rds, the fatigue strength of the welded joint is only 54.5% of the fatigue strength of the base metal at
109 cycles. However, the diff rence in the ultimate tensile strength of the base m tal and the welded
joints is only ~100 MPa. Meanwhile, the results are consistent with othe studies on different tita ium
alloy materials of TC4 [21,25,26] and TC21 [16,27]. The highe difference in the fatigue strength for
th weld d joints as c mpared to the base metal show that cyclic loading is more detrimental to the
strength of the welded joints. This may be attributed to the welded defects in the welded joints which
will be discussed later in detail. The higher diff rence in the fatigue stre gth of the welded joints than
base metal at 109 cycles as compared to the fatigue strength at 105 cycles shows that the effects of the
w ld d defects on f tigue life reduction are higher in the very high cycle fatigue r gime. It can be said
that the d sign f EBW joints for longer fatigu lif will need careful investig tion of the fatigue
strength up to very high cycles.
3.4. Fatigue Fracture Analysis of Welded Joint of TC17 Alloy
The fracture surfaces of the fatigue specimens were observed by the scanning electron microscope
(SEM). The fracture locations of the fatigue specimens are distributed in the fusion zone and the
heat-affected zone of welded joints of TC17 alloy regardless of the high-stress amplitude or the
low-stress amplitude that is mainly due to the fusion zone. The reason is the fusion zone undergoes
rapid melting and grain growth, resulting in coarse grains, and it is easy to produce the welded pores
in the fusion zone during the electron beam welding process [17]. The fatigue crack initiation was
observed from the welded pores distributed in the internal, subsurface and surface of the TC17 EBW
joints. There are obvious characteristics of crack initiation zone, crack propagation zone and final
failure zone on the fracture of the welded joints. Figure 8 shows the fracture surfaces of the welded
Materials 2019, 12, 1825 8 of 17
joints loaded with 400 MPa and 360 MPa. It can be clearly observed the fracture surface has a “fisheye”
region around the pore from where the crack initiation took place, as shown by the dotted circle
in Figure 8a,c. The fracture surface is smooth and flat, forming a radial decorative pattern centered
on the pores. A distinct fine granular area (FGA) called by Sakai et al. [28] and fracture caused by
transgranular crack propagation were observed around the pores in the “fisheye” region. The section is
rough with high-density cleavage planes outside the “fisheye” region, as shown in Figure 8f. Under the
high-power electron microscope, the fatigue striations could be observed in the crack propagation
zone perpendicular to the crack propagation direction, as shown in Figure 8e. This shows a high
number of fatigue cycles consumed in the crack initiation and early propagation, even reaching the
majority of the total fatigue life [22,29,30]. The upper and lower crack faces are pressed against each
other to form a smooth and flat “fisheye” region, and later the fatigue cracks propagated rapidly
forming rough cleavage planes [22]. In some cases, the crack initiation was observed from the cluster
of multiple pores. The FGA from the cluster of multiple pores is similar to those with single pore,
as shown in Figure 8b. Moreover, it was found that when there is the pore cluster in the initiation zone,
the fatigue life is still reduced even under low-stress amplitude. It can be said that the increase in
the number of pores results in a larger area of stress concentration to reduce the fatigue life. Multiple
short cracks around the pores emanate and coalescence to form long cracks reducing the fatigue life
of the welded joints. Figure 9 shows the fracture surface of specimen loaded with 340 MPa stress.
The fracture surface of specimen shows a fisheye without FGA region around a large pore size (200 µm
diameter). In other words, the fatigue cracks stride over the initiation zone and directly enter the
early propagation area. It is worth noting that for the non-metallic inclusions in the welded joints of
high-strength steel, it was found that the size and position of non-metallic inclusions are closely related
to the fatigue life of the material. Meanwhile, a new “Z” parameter fatigue life prediction model is
proposed based on the Murakami model, which is related to the local stress concentration and the
defects size and location [19,31]. Therefore, the number of pores, the size of pores and the location
of pores in the initiation zone will play a crucial role in the very long fatigue life of the welded joint.
The mechanism of the influence of the welded pores for the fatigue life will be described in detail in
the following sections.
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Figure 8. Micrographs of fatigue fracture of the welded joint of TC17 titanium alloy, (a) overall shape
of a single pore of fatigue fracture, (b) morphology of internal single pore fatigue initiation area
(σa = 400 MPa, N f = 1.0860× 107), (c) overall pore morphology of fatigue fracture, (d) internal pore
cluster of fatigue initiation area (σa = 360 MPa, N f = 2.1414 × 106), (e) fatigue striations of fatigue
fracture, (f) cleavage surface of the TC17 EBW joint.
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4. Discussion 
4.1. Relationship between Static Strength and Fatigue Strength of TC17 Welded Joints 
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Figure 9. Micrographs of the bigger pore fatigue fracture of TC17 titanium alloy welded joint, (a) overall
shape of the welded joint fracture, (b) fatigue source area morphology of the internal pore of the welded
joint (σa = 340 MPa, N f = 2.0606× 106).
4. Discussion
4.1. Relationship between Static Strength and Fatigue Strength of TC17 Welded Joints
Mi akawa [32] summariz d t e relationship b tween tensile strength and fatigue strength of TC4
alloy. The fatigue strength of the material increases with the increase of tensile strength. However,
when the tensile strength reaches 1000 MPa or more, it is increased and the fatigue strength is no longer
increased at R = −1. Because fatigue crack initiation is mainly caused by grain slip, and it is known
that the yield strength of the material is directly related to the critical shear stress of the grain slip.
Therefore, the yield strength is considered to be related to the fatigue strength [33]. Murakami [34]
showed that the fatigue strength of the material is not the threshold stress of crack initiation and the
cracks do not propagate until the threshold stress acting on the material. Besides, there is dispersed
distribution of the pores in the welded joints of TC17 titanium alloy. The effects of the pores on the
quasi-static properties of the welded joint are not significant (see Figure 5), and they are mainly affected
by the grain morphology of the welded joint (Figure 6c). However, the fatigue properties of the welded
joint are seriously affected by the welded pores. It has been proved that the very high cycle fatigue
strength of the welded joints is only 30% of the tensile strength of the welded joints (Figures 5 and 7).
Hence, the static and fatigue strength can be approximately correlated as:
Sf(tension)= (0.3~0.45) Su (1)
where Su represents the ultimate tensile strength of the welded joint of TC17 alloy, and Sf (tension)
represents the fatigue limit of the welded joint of TC17 alloy.
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4.2. Study on the Threshold Value of very High Cycle Fatigue Fracture
In very high cycle fatigue regime, the life of fatigue crack initiation accounts for almost 90% of
the total fatigue life [30,35–38]. The crack initiation is very sensitive to the local inhomogeneity in the
microstructure of the material. Studies show that the fatigue failure induced by the internal initiation
of TC17 alloy is caused by the slip fracture of the primary α phases [5]. In the forging process, the base
material of TC17 alloy may form the inhomogeneous microstructure size and distribution including
local strong texture. Under the cyclic loading, the local microscopic strain distribution of the material
may be affected which may initiate the cracks [5]. In addition, the internal cracks are inhibited and
hindered by the internal vacuum environment during the short crack propagation stage [39] resulting in
relatively long fatigue life of internal crack initiation under the same cyclic stress loading. Nevertheless,
the weld bead passes through the gradient from melting temperature to room temperature in the
welding process. The material in the welding process shrinks but is limited by the lower temperature
plate. The fusion zone, in particular, was found to have higher geometric discontinuity than another
two zones, leading to easily fatigue fracture of the welded joint here. The crack initiation from the
pores develops a rough region (FGA) in the vicinity. When the crack tip stress intensity factor of
the FGA reaches the crack propagation threshold of the material, the cracks enter the steady-state
propagation stage.
Generally, high-strength steel in the very high cycle regime fatigue test, a fine granular area (FGA)
is formed near the inclusions inside the material [28]. FGA is the crack initiation zone, and the fatigue
life of FGA is the crack initiation life [36]. In addition, it has been confirmed that the fatigue life of
FGA accounts for the large part of the total fatigue life [22,23,36,37]. The fracture of the welded joint
indicates that the crack originates from the welded pores. In short, FGA is formed around the small
pores, then the crack enters the stable propagation stage. While the FGA is not observed around the
larger pore, the crack enters directly in the early propagation stage from the pores reducing the fatigue
life of TC17 EBW joints. Therefore, the crack propagation threshold determines whether FGA is formed
around the pores in the initiation zone and the stress intensity factor of the pores is greater than that of
FGA which is not formed around the pore.
In the very high cycle fatigue regime, the stress intensity factor K is often used as the characterization
for describing crack initiation and propagation. In this study, the maximum KM expression of the stress
intensity factor of the surface or internal defect initiation crack of the sample was estimated based on
the analysis results of Murakami [34,39]. When cracks initiate from surface defects:
KM= 0.65∆σ
(
pi
√
areamax
)
(2)
When cracks initiate from subsurface or internal defects:
KM= 0.5∆σ
(
pi
√
areamax
)
(3)
where ∆σ is the stress range and areamax is the maximum projected area of the defect perpendicular to
the plane of the tensile stress. In the tensile-pressure fatigue cycle with a stress ratio of −1, only the
tensile stress acts on the fatigue crack initiation and propagation, so stress amplitude σa is used instead
of ∆σ in calculating the initial stress intensity factor. Meanwhile, when there is the number of pores
in the fatigue initiation region, the sum of the pore cluster areas is considered to calculate the stress
intensity factor of the pore cluster, and the calculation result is shown in Figure 10.
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The stress intensity factor amplitudes KM of FGA are distributed between 3.81 and 3.96 MPa·m1/2
(Figure 10). The stress intensity factors of FGA decrease with an increase in the fatigue cycles of
the welded joint. However, it has been found in earlier studies [23,28,36] that the KFGA is a constant
independent of the fatigue life which is related to the threshold value of the crack propagation. It can
be found that the stress intensity factor corresponding to the pores originating from the crack origin
of the welded joint decreases with an increase in the fatigue cycles. Whereas, the pore clusters are
distributed in the FGA, as shown in Figure 8. A linear fit was performed on the two sets of data, and it
was found that the two fitted straight lines were approximately parallel, showing the same downward
trend. Therefore, it can be said that the pores change in KFGA resulting in the inverse relationship
between KFGA and the fatigue life of the welded joint. The conventional method for calculating the
FGA stress intensity factor is not suitable for the welded joint due to the pores. In order to avoid
the influence of the pores on the stress intensity factor of FGA, Equations (2) and (3) are revised, and
the modified formulas are proposed for calculation of the effective FGA stress intensity factor of the
welded joint. When crack initiation occurs from the surface pores:
KFGA= 0.65∆σ
(
pi
√
(areaFGAmax − areaporemax) (4)
When crack initiation occurs from the subsurface or internal pores:
KFGA= 0.5∆σ
(
pi
√
(areaFGAmax − areaporemax) (5)
where areaFGAmax is the maximum projected area of the FGA perpendicular to the tensile stress plane,
areaporemax is the sum of the maximum projected areas of the respective pores perpendicular to the
tensile stress planes. The variation in the effective FGA stress intensity factor with fatigue cycles to
failure is shown in Figure 11. By linearly fitting the calculation results, it can be seen that the effective
FGA stress intensity factor of KFGA does not change with the number of cyclic loadings and remains
substantially constant. For titanium alloys, the crack initiation threshold (Kth) obtained from many
previous experimental results [36,40,41] is 3.4~4.0 MPa·m1/2. Considering the measurement error and
calculation accuracy, the average value of KFGA obtained by this work is 3.62 MPa·m 1/2 which is
included in the crack propagation threshold of titanium alloy. Therefore, the stress intensity factors
of KFGA are the effective threshold for fatigue crack propagation of welded joints of TC17 titanium
alloy. In the current study, similar fine granular areas are found in special areas with high fatigue life,
and the stress intensity factor of KM is also close to Kth. This characteristic area has intrinsic existence
during very high cycle fatigue regime.
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4.3. Effect of Welded Pores on very High Cycle Fatigue Properties of Welded Joints
In the very high cycle regime fatigue state of high-strength steel, it is difficult to form a slip band
on the non-uniform microstructure of the sample surface due to the low cyclic stress. The fatigue
crack initiation site shifts surface to the subsurface of the specimen. Under the action of the very
long cyclic loading, the local stress concentration around the inclusions is caused by a mismatch of
properties between the inclusions and the matrix, which is the main inducing factor for the formation
of fatigue cracks [38]. The inclusions in the subsurface of material are separated from the matrix due
to the increase in strain and dislocation density [31]. In cycle loading, the detachment occurs at the
interface resulting in microcracks. In conclusion, the fatigue cracks thus expand and form a relatively
rough FGA around the inclusions [34,38]. Nevertheless, the pores are generated by the welding of the
TC17 EBW joints. The fatigue crack initiation mechanism of the welded joint is different from that of
TC17 base metal, but it has a certain similarity with the fatigue crack initiation mechanism of high
strength steel. The existence of the pores causes the geometric conditions inside the specimen to be
discontinuous. Under the cyclic loadings, stress concentration occurs around the pores, so that the
stress around the pores is much larger than the loading stress [38], resulting in the local plastic strain
being gradually accumulated, and the slip band is easier to form around the pores, and then initiates
fatigue microcracks. The microcracks repeatedly open and close, which causes early fatigue damage.
When the microcracks reach a certain size, the fatigue cracks enter the early propagation stage to form
the fisheye (Figures 8 and 9). Besides, the macroscopic cracks are formed, then the cracks enter the
rapid propagation stage up to the final failure of the material.
The above discussion shows that the pores affect the calculation of KFGA, and make the original
KFGA in the initiation zone correlate with fatigue life to a certain extent. Therefore, the pores affect the
stress-life relationship of welded TC17 alloy joints, and the data show greater dispersion (Figure 7).
In this paper, the effective size of pores, the relative depth of pores and the number of the pores in the
initiation zone of the welded joint specimen are counted. Figure 12 is a diagram of the relationship
between the effective sizes of pores and FGA and fatigue life in the fracture initiation zone of welded
TC17 alloy joint. The effective sizes of the pores were calculated from the square root of the total area
of the pores in the initiation zone. The effective sizes of FGA were calculated by the square root of
the effective FGA area. The red ring indicates that the number of pores in the fatigue crack initiation
zone is greater than 1. However, the black ring indicates the number of the pores in the fatigue crack
initiation zone is 1. When the number of cyclic loadings is less than 107 cycles, the size distribution of
effective FGA is dispersed, which shows the sizes of effective FGA are mainly affected by higher stress
level; when the number of cyclic loadings is more than 107 cycles, that at lower stress level, the sizes
of effective FGA increase with the increase of fatigue life, and their sizes range from 100 to 160 µm.
For the pore cluster, with the increase of the number of cyclic loadings for the welded joints of TC17
alloy, the effective sizes of pores decrease slightly. Most of the effective sizes of pores are between
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30 and 150 µm. The larger pores in the specimen show that there is a lower fatigue life of welded
joints, even though under low-stress amplitude. The stress intensity factors of the pores are larger
than that of KFGA due to large pores (Figure 10). The fatigue cracks skip the formation process of FGA,
resulting in the absence of morphological characteristics of FGA. The stress concentration around the
pores increases the stress forming the plastic slip bands leading to the crack initiation [38]. Generally,
the fatigue cracks initiate from the surface, mainly in the low and high cycle fatigue regime. Therefore,
it can be inferred that the fatigue life of the fatigue crack initiation on the inner surface of the pores is
much shorter than that of the internal FGA mode. After a short process of cracking initiated by surface
slip band, the fatigue crack propagation stage is directly entered, resulting in final failure. To the extent
that the effective size of pores seriously restricts the fatigue life of welded joints of TC17 alloy.
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Figure 12. l t een the effective sizes of pores and FGA and fatigue life.
Figure 13 shows the variation of the effective sizes of pores and FGA with stress amplitude in
welded joints. It can be seen from the figure that the effective sizes of FGA decrease with an increase
in the loading stress. However, the effective sizes of the pores leading to the crack origin basically
are constant with the change in stress amplitude. The effective sizes of the FGA were found higher
for lower stress amplitude. The fatigue life of specimens with larger FGA was found to be higher.
To conclude, it can be said that a higher number of fatigue cycles are required to increase the FGA size.
This phenomenon was also observed by Sakai et al. [26,29] in SUJ2 steel.
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Figure 13. Relationship bet een the effective sizes of the pores and FGA and stress amplitudes.
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Figure 14 shows the variation in the relative depths of the pores (dp/r) [31] with the fatigue life
of the specimen. Here dp is the closest distance between the center of the pores and the surface of
the specimen. The r is the radius of the specimen. The fatigue life of the specimen was found to be
increasing with the decrease in the relative depths of pores. The pores are randomly distributed in the
specimens and there is no relationship between the relative depths of pores and their sizes, as shown in
Figure 15. In summary, when the number of cyclic loadings is less than 107 cycles (high or low cycles
regime), the higher loading stress level determines the fatigue life of welded joints, and the influence
of pores on the fatigue life of welded joints is small. When the number of cyclic loadings is greater
than 107 cycles, the sizes of effective FGA around the pores increase. Meanwhile, the effective sizes
and the relative depths of the pores determine the very long fatigue life of welded joints. When the
stress intensity factor of FGA reaches ~3.4–3.6 MPa·m1/2, the cracks propagate leading to failure.Materials 2019, 12, x FOR PEER REVIEW  14  of  17 
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other hand, the tensile strength of the welded joint of TC17 alloy by PWHT is about 95.5% of the 
base  metal,  and  the  fracture  occurs  in  the  base  metal  with  a  fracture  elongation  of  17%. 
Furthermore,  the welded  pores were  observed  on  the  surface  of  the  as‐welded  TC17  EBW 
fracture.  In  short,  this  shows  that  the  existence of pores does not obviously  affect  the  static 
mechanical properties of the welded joint. 
(2) In the ultrasonic accelerated vibration fatigue test with stress ratio R = ‐1, the fatigue S‐N curve 
of welded TC17 alloy joints shows a continuous downward trend. There is no fatigue limit at 107 
cycles. Nevertheless, at 109 cycles, the fatigue strength of welded joints is about 300 MPa, and 
the fatigue strength of the welded joints is only 54.5% of the base metal. In conclusion, the fatigue 
strength of welded joints is far lower than that of base metal; 
(3) The fatigue fracture locations of welded TC17 alloy joints for specimens are mainly in the fusion 
zone and the heat‐affected zone. In addition, the pores inside the specimen become the source 
of fatigue crack initiation which has an obvious fisheye region consisting of FGA. Moreover, the 
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Figure 14. Relationship between relative depths of the pores and fatigue life.
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5. Conclusions
(1) On one hand, the tensile strength of as-welded TC17 alloy welded joint is around 86% of the base
metal and the fracture occurs in the fusion zone while it has a most no ductility. On the other
hand, the te sile streng h of the welded joint of TC17 alloy by PWHT is about 95.5% of the bas
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metal, and the fracture occurs in the base metal with a fracture elongation of 17%. Furthermore,
the welded pores were observed on the surface of the as-welded TC17 EBW fracture. In short,
this shows that the existence of pores does not obviously affect the static mechanical properties of
the welded joint.
(2) In the ultrasonic accelerated vibration fatigue test with stress ratio R = -1, the fatigue S-N curve of
welded TC17 alloy joints shows a continuous downward trend. There is no fatigue limit at 107
cycles. Nevertheless, at 109 cycles, the fatigue strength of welded joints is about 300 MPa, and the
fatigue strength of the welded joints is only 54.5% of the base metal. In conclusion, the fatigue
strength of welded joints is far lower than that of base metal;
(3) The fatigue fracture locations of welded TC17 alloy joints for specimens are mainly in the fusion
zone and the heat-affected zone. In addition, the pores inside the specimen become the source
of fatigue crack initiation which has an obvious fisheye region consisting of FGA. Moreover,
the effective sizes and the depths of the pores jointly determine the very long fatigue life of the
welded joint.
(4) When the fatigue crack initiation occurs in the inner or subsurface of the specimen, there is the
FGA in close proximity of the pores and the smooth area around them. Afterward, the calculation
formula of KFGA is modified and the average effective KFGA value is 3.62 MPa.m1/2. To conclude,
the value has nothing to do with the fatigue life of the welded joint and is considered as the
threshold value of stable crack growth.
Author Contributions: Conceptualization, Q.W. and Y.L.; Methodology, F.L. and Y.C.; Software, F.L.; Validation,
K.M.K., H.Z. and H.L.; Formal Analysis, F.L.; Investigation, F.L.; Resources, Q.W.; Data Curation, H.Z.;
Writing-Original Draft Preparation, F.L.; Writing-Review & Editing, F.L. and H.Z.; Visualization, H.L.; Supervision,
Y.L.; Project Administration, Q.W.; Funding Acquisition, Q.W. and Y.L.
Funding: This research was financially supported by the National Natural Science Foundation of China (grant
numbers 11772209, 11832007, 11572057, and 11602038) and Sichuan Science and Technology Program (2016HH0037).
Conflicts of Interest: The authors declare no conflict of interest.
References
1. Rockel, M.B.; Roman, B. Titanium and Titanium Alloys. Corros. Handb. 2012, 43, 24–29. [CrossRef]
2. He, Y.; Xiao, G.; Li, W.; Huang, Y. Residual Stress of a TC17 Titanium Alloy after Belt Grinding and Its Impact
on the Fatigue Life. Materials 2018, 11, 2218. [CrossRef] [PubMed]
3. Wang, T.; Guo, H.; Tan, L.; Yao, Z.; Yan, Z.; Liu, P. Beta grain growth behaviour of TG6 and Ti17 titanium
alloys. Mater. Sci. Eng. A 2011, 528, 6375–6380. [CrossRef]
4. Teixeira, J.D.C.; Appolaire, B.; Aeby-Gautier, E.; Denis, S.; Cailletaud, G.; Späth, N. Transformation kinetics
and microstructures of Ti17 titanium alloy during continuous cooling. Mater. Sci. Eng. A 2007, 448, 135–145.
[CrossRef]
5. Liu, H.; He, C.; Huang, Z.; Wang, Q. Very High Cycle Fatigue Failure Mechanism of TC17 Alloy. ActaMetall. Sin.
2017, 53, 1047–1054. [CrossRef]
6. Zhang, L.; Gobbi, S.L.; Loreau, J.H. Laser welding of Waspaloy® sheets for aero-engines. J. Mater. Process.
Technol. 1997, 65, 183–190. [CrossRef]
7. Meisnar, M.; Bennett, J.M.; Andrews, D.; Dodds, S.; Freeman, R.; Bellarosa, R.; Adams, D.; Norman, A.F.;
Rohr, T.; Ghidini, T. Microstructure characterisation of a friction stir welded hemi-cylinder structure using
Ti-6Al-4V castings. Mater. Charact. 2019, 147, 286–294. [CrossRef]
8. Boccarusso, L.; Arleo, G.; Astarita, A.; Bernardo, F.; Fazio, P.D.; Durante, M.; Minutolo, F.M.C.; Sepe, R.;
Squillace, A. A new approach to study the influence of the weld bead morphology on the fatigue behaviour
of Ti–6Al–4V laser beam-welded butt joints. Int. J. Adv. Manuf. Technol. 2017, 88, 75–88. [CrossRef]
9. Keshavarz, M.K.; Turenne, S.; Bonakdar, A. Solidification behavior of inconel 713LC gas turbine blades
during electron beam welding. J. Manuf. Process. 2018, 31, 232–239. [CrossRef]
10. Oliveira, J.P.; Schell, N.; Zhou, N.; Wood, L.; Benafan, O. Laser welding of precipitation strengthened Ni-rich
NiTiHf high temperature shape memory alloys: Microstructure and mechanical properties. Mater. Des. 2019,
162, 229–234. [CrossRef]
Materials 2019, 12, 1825 16 of 17
11. Angella, G.; Barbieri, G.; Donnini, R.; Montanari, R.; Richetta, M.; Varone, A. Electron Beam Welding of IN792
DS: Effects of Pass Speed and PWHT on Microstructure and Hardness. Materials 2017, 10, 1033. [CrossRef]
[PubMed]
12. Casavola, C.; Pappalettere, C.; Tattoli, F. Experimental and numerical study of static and fatigue properties of
titanium alloy welded joints. Mech. Mater. 2009, 41, 231–243. [CrossRef]
13. Cheng, C.; Yu, B.; Chen, Z.; Liu, J.; Wang, Q. Mechanical properties of electron beam welded dissimilar joints
of TC17 and Ti60 alloys. J. Mater. Sci. Technol. 2018, 34, 1859–1866. [CrossRef]
14. Chegeni, A.; Kapranos, P. An Experimental Evaluation of Electron Beam Welded Thixoformed 7075 Aluminum
Alloy Plate Material. Metals 2017, 7, 569. [CrossRef]
15. Yu, B.; Chen, Z.; Zhao, Z.; Liu, J.; Wang, Q.; Liu, J. Microstructure and mechanical properties of TC17 titanium
alloy electron beam welded joints. Acta Mater. Sin. 2016, 52, 831–841. [CrossRef]
16. Zheng, Y.; Zhao, Z.; Zhang, Z.; Zong, W.; Dong, C. Internal crack initiation characteristics and early growth
behaviors for very-high-cycle fatigue of a titanium alloy electron beam welded joints. Mater. Sci. Eng. A
2017, 706, 311–318. [CrossRef]
17. Nedoseka, A. Fundamentals of Evaluation and Diagnostics of Welded Structures; Elsevier: Amsterdam,
The Netherlands, 2012; p. 633.
18. Oh, J.; Kim, N.J.; Lee, S.; Lee, E.W. Correlation of fatigue properties and microstructure in investment cast
Ti-6Al-4V welds. Mater. Sci. Eng. A 2003, 340, 232–242. [CrossRef]
19. Zhu, M.; Xuan, F.; Du, Y.; Tu, S. Very high cycle fatigue behavior of a low strength welded joint at moderate
temperature. Int. J. Fatigue 2012, 40, 74–83. [CrossRef]
20. Fomin, F.; Horstmann, M.; Huber, N.; Kashaev, N. Probabilistic fatigue-life assessment model for laser-welded
Ti-6Al-4V butt joints in the high-cycle fatigue regime. Int. J. Fatigue 2018, 116, 22–35. [CrossRef]
21. Balasubramanian, T.S.; Balasubramanian, V.; Muthu Manickam, M.A. Fatigue crack growth behaviour of
gas tungsten arc, electron beam and laser beam welded Ti-6Al-4V alloy. Mater. Des. 2011, 32, 4509–4520.
[CrossRef]
22. Wang, Q.Y.; Bathias, C.; Kawagoishi, N.; Chen, Q. Effect of inclusion on subsurface crack initiation and
gigacycle fatigue strength. Int. J. Fatigue 2002, 24, 1269–1274. [CrossRef]
23. Chen, Y.; He, C.; Yang, K.; Zhang, H.; Wang, C.; Wang, Q.; Liu, Y. Effects of microstructural inhomogeneities
and micro-defects on tensile and very high cycle fatigue behaviors of the friction stir welded ZK60 magnesium
alloy joint. Int. J. Fatigue 2019, 122, 218–227. [CrossRef]
24. Han, W.; Fu, L.; Chen, H. Effect of Welding Speed on Fatigue Properties of TC18 Thick Plate by Electron
Beam Welding. Rare Met. Mater. Eng. 2018, 47, 8.
25. Melvin, M.; Schwartz, M.D. Source Book on Electron Beam and Laser Welding: A Comprehensive Collection of
Outstanding Articles; ASM International: Russell Township, OH, USA, 1981.
26. Kar, J.; Chakrabarti, D.; Roy, S.K.; Roy, G.G. Beam oscillation, porosity formation and fatigue properties of
electron beam welded Ti-6Al-4V alloy. J. Mater. Process. Technol. 2019, 266, 165–172. [CrossRef]
27. Nie, B.; Chen, D.; Zhao, Z.; Zhang, J.; Meng, Y.; Gao, G. Notch Effect on the Fatigue Behavior of a TC21
Titanium Alloy in Very High Cycle Regime. Appl. Sci. 2018, 8, 1614. [CrossRef]
28. Sakai, T.; Tanaka, N.; Takeda, M.; Kanemitsu, M.; Oguma, N. Characteristic S-N property of high
strength steels in ultra-wide life region under rotating bending. In Proceedings of the Ecodesign: Second
International Symposium on Environmentally Conscious Design & Inverse Manufacturing, Tokyo, Japan,
11–15 December 2001.
29. Zhang, H.; Li, J.K.; Guan, Z.W.; Liu, Y.J.; Qi, D.K.; Wang, Q.Y. Electron beam welding of Nimonic 80A:
Integrity and microstructure evaluation. Vacuum 2018, 151, 266–274. [CrossRef]
30. Yang, K.; He, C.; Huang, Q.; Huang, Z.Y.; Wang, C.; Wang, Q.; Liu, Y.J.; Zhong, B. Very high cycle fatigue
behaviors of a turbine engine blade alloy at various stress ratios. Int. J. Fatigue 2017, 99, 35–43. [CrossRef]
31. Zhu, M.; Jin, L.; Xuan, F. Fatigue life and mechanistic modeling of interior micro-defect induced cracking in
high cycle and very high cycle regimes. Acta Mater. 2018, 157, 259–275. [CrossRef]
32. Kuninori, M. Fatigue strength of nitrided high-strength titanium alloy. Nihon Kikai Gakkai Ronbunshu A
Hen/Trans. Jpn. Soc. Mech. Eng. Part A 2001, 67, 7.
33. Liu, X. Effect of Stress Ratio on High Cycle and Ultra-High Cycle Fatigue Behavior of Alloy Materials; Chinese
Academy of Sciences University: Beijing, China, 2015.
Materials 2019, 12, 1825 17 of 17
34. Murakami, Y. Effects of Small Defects and Nonmetallic Inclusions on the Fatigue Strength of Metals.
Key Eng. Mater. 1991, 51–52, 37–42. [CrossRef]
35. Hong, Y.; Sun, C. The nature and the mechanism of crack initiation and early growth for very-high-cycle
fatigue of metallic materials—An overview. Theor. Appl. Fract. Mech. 2017, 92, 331–350. [CrossRef]
36. Hong, Y.S.; Sun, C.Q.; Liu, X.L. A review on mechanisms and models for very-high-cycle fatigue of metallic
materials. Adv. Mech. 2018, 48. [CrossRef]
37. Huang, Z.; Wagner, D.; Bathias, C.; Paris, P.C. Subsurface crack initiation and propagation mechanisms in
gigacycle fatigue. Acta Mater. 2010, 58, 6046–6054. [CrossRef]
38. Chao, H.; Liu, Y.; Dong, J.; Wang, Q.; Wagner, D.; Bathias, C. Through thickness property variations in
friction stir welded AA6061 joint fatigued in very high cycle fatigue regime. Int. J. Fatigue 2016, 82, 379–386.
[CrossRef]
39. Wang, Q.Y.; Berard, J.Y.; Rathery, S.; Bathias, C. High-cycle fatigue crack initiation and propagation behaviour
of high-strength spring steel wires. Fatigue Fract. Eng. Mater. Struct. 1999, 22, 673–677. [CrossRef]
40. Peters, J.O.; Ritchie, R.O. Influence of foreign-object damage on crack initiation and early crack growth
during high-cycle fatigue of Ti-6Al-4V. Eng. Fract. Mech. 2000, 67, 193–207. [CrossRef]
41. Petit, J.; Sarrazin-Baudoux, C. An overview on the influence of the atmosphere environment on
ultra-high-cycle fatigue and ultra-slow fatigue crack propagation. Int. J. Fatigue 2006, 28, 1471–1478. [CrossRef]
© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
